Abstract-This paper evaluates power transfer or shifting across upper-limb segments, resulting from fatigue-inducing wheelchair propulsion. Nineteen manual wheelchair users (WCUs) and ten nonwheelchair users (NUs) participated in this study. Subjects propelled an instrumented wheelchair ergometer at a workload corresponding to 75% of the peak oxygen uptake attained during a maximal-graded exercise tolerance test. Subjects were required to propel the wheelchair for as long as they could at a constant velocity of 3 km/h (32 rpm). The test was terminated when subjects could no longer maintain the target velocity. Peak Performance video-capture system was used to determine upper-limb kinematics. Handrim forces and joint kinematics were used to calculate joint moments and power with the use of an inverse dynamics approach. Results showed that with fatigue, joint power shifts from the shoulder joint to the elbow and wrist joints. Implications for joint injury and propulsion efficiency are discussed.
INTRODUCTION
Between 1.4 and 1.6 million people (approximately 0.5% of the noninstitutionalized U.S. civilian population) use wheelchairs for locomotion [1, 2] . Wheelchair use is increasing even when accounting for increases in population and age. Describing the biomechanics of wheelchair propulsion is a crucial first step to understanding how to prevent and treat overuse injuries that may result from long-term wheelchair propulsion. Toward this aim, biomechanical strategies and electromyographic activity of wheelchair propulsion have been extensively characterized in manual wheelchair users (WCUs) [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Experimental paradigms that perturb the conditions of wheelchair propulsion or compare subjects with differing attributes have been employed as approaches to recognizing potential pathomechanical adaptations [5, 12, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
A fatigue protocol is one model used to study the potential risks for overuse injuries. Rodgers et al. have shown that several biomechanical characteristics of manual wheelchair propulsion change with fatigue [25, 26] . Comparisons of nonwheelchair users (NUs) to experienced WCUs have also been used [7, 23] . Experienced WCUs appear to minimize peak handrim forces, prolong handrim impulse force, and prolong the duration of wheel contact. These responses may protect upper-limb joints from the trauma of repetitive forceful loading.
Calculation of joint power permits the estimation of upper-limb kinetic demands during wheelchair propulsion [25, 27] . Data obtained empirically and from biomechanical modeling have shown that the shoulder is the primary source of joint power during wheelchair propulsion [25, 11] . However, power shifts between upper-limb joints during various conditions of propulsion and with differing subjects have not been examined. This study evaluated power transfer across upper-limb segments because of fatigue-inducing wheelchair propulsion. We hypothesized that experienced WCUs will compensate for fatigue differently compared to NUs. Specifically, we hypothesized that fatigue causes the distribution of upper-limb power to be altered.
METHODS

Subjects
Nineteen manual WCUs and ten NUs participated in this study ( Table 1) . Of the WCUs, 3 were female and 16 were male. The majority (16) had spinal cord injuries. Age ranged from 21 to 68 yr and wheelchair use ranged from 3 to 38 yr. Of the NUs, three were female and seven were male. Age ranged from 23 to 47 yr. Prior to testing, the participants were given a medical examination by a physician familiar with the requirements for participation. Wheelchair users who used a manual wheelchair for at least 1 year before the study for the majority of home and community mobility were included in the study. Nonwheelchair users had no previous wheelchair use experience. Subjects in both groups were excluded if they had upper-limb disorders, ventilatory involvement, or systemic diseases or were taking medications that would alter exercise performance. Prior to testing, participants gave written, informed consent in accordance with the procedures approved by the Institutional Review Board.
Instrumentation
We conducted all exercise tests on a prototypical wheelchair ergometer (Figure 1 ) with a 28 cm diameter handrim and no camber in the wheels. Components of a stationary bicycle ergometer were used to provide frictional resistance to propulsion through a chain and sprocket system connected to the wheelchair axle at one end and to a flywheel at the other end. A nylon belt was used to create a pulley system to which known weights could be applied for precise control of resistance. The wheelchair ergometer was instrumented with PY6-4 sixcomponent force/torque transducers (Bertec Corp., Worthington, Ohio) in its wheel hubs. The transducers used bonded strain gauges to measure handrim forces and moments in three dimensions (six channels). The rotating coordinate systems were transformed to the fixed laboratory frame with +y vertical, +x forward, and +z lateral. The amplified electrical signals from the strain gauges and potentiometer were collected with an analog-to-digital converter and acquisition software (Peak Performance Technologies, Colorado Springs, Colorado) at 360 Hz. A bicycle speedometer with a digital display was attached to the right wheel of the chair and placed in view of the participant to provide visual feedback of propulsion velocity.
Shoulder, elbow, wrist, and trunk motions were measured with three Peak 3-D (three-dimensional) chargecoupled device cameras and a video acquisition system (Peak Performance Technologies, Colorado Springs, Colorado) at 60 frames/s. One camera was located 25 ft directly in front of the wheelchair ergometer, and the other two cameras were approximately 45° to each side of the center camera. Reflective markers were used to measure trunk, shoulder, elbow and wrist flexion/extension, shoulder abduction/adduction, and wrist radial/ ulnar deviation (Figure 1 ). Markers were placed at the proximal shoulder, radial head, radial and ulnar styloids of the wrist, base of the fifth metacarpal of the hand, and at the hip joint. Joint marker linear displacements were measured and differentiated to obtain movement kinematics.
Model
We calculated joint forces, moments, and powers with a 3-D linked segment model [27] . Inputs to the model included 3-D angular displacement, velocity, acceleration and linear acceleration, handrim kinetic, and temporal and anthropometric data. This model used an inverse dynamics approach, employed the Newton-Euler method based on body coordinate systems, and assumed the arm to be three rigid segments (hand, forearm, and upper arm) connected by the wrist, elbow, and shoulder joints.
Displacement data collected during the motion analysis were differentiated to form velocity and acceleration vectors. Each marker's linear acceleration was used to interpolate the linear acceleration of the center of mass of each limb, which was transformed into respective body coordinates. Contact forces and moments in 3-D were measured from the hub transducer, transformed from handrim to hand coordinates, and used as input to the hand equations. Actual moment applied by the hand to the wheelchair rim, using the fifth metacarpophalangeal joint as the location of the point of force application [28] , was obtained by
where F is the measured contact force from hand to handrim, r w is the radius of the handrim of the wheelchair, M m is the measured moment from hand to handrim of the wheelchair, and M T is the actual moment from hand to handrim of the wheelchair. Joint centers for the wrist, elbow, and shoulder joints were located relative to the markers at each respective location. The inverse dynamics approach was used by the model to calculate joint kinetics for wrist flexion/extension, shoulder flexion/extension, elbow flexion/extension, wrist radial/ulnar deviation, and shoulder abduction/ adduction. Joint power was calculated as the product of the net joint moment and angular velocity for each joint.
Test Protocol
WCUs and NUs completed a maximal graded exercise test (GXT) and a submaximal endurance test on the wheelchair ergometer. Seat width and backrest height of the ergometer were matched to the WCUs' own wheelchairs. Leg position approximated that of the WCUs seated in their own wheelchairs through the use of step stools of varying heights. For the NUs, the ergometer was adjusted to a seat width and backrest height that was comfortable. We achieved leg position with the thighs parallel to the floor by adjusting step stool height.
To acclimate to wheelchair propulsion, each NU had four 20 min practice sessions using the ergometer with minimal resistance. Practice sessions and propulsion tests were at least 24 h apart. The maximal GXT was used to establish resistance load for the fatigue test. For this test, subjects rested (6 min), propelled the wheelchair at a velocity of 3 km/h (32 rpm) without a load (3 min), then continued propelling while weight was incrementally added at a rate of 0.3 kg every 3 min. The test was terminated at volitional exhaustion, defined as the selfreported inability to maintain the target velocity. Subjects were monitored and encouraged to maintain the target velocity.
Two to seven days after completing the GXT, subjects completed an endurance (fatigue) test on the wheelchair ergometer. For the fatigue test, subjects propelled the wheelchair at 3 km/h without a load (3 min) and then continued propelling at the submaximal load until volitional exhaustion. The submaximal load corresponded to 75 percent of the peak oxygen uptake attained during the subject's GXT. Participants were encouraged to continue to exercise for as long as possible. Propulsion mechanics, including handrim kinetics, joint kinematics, and temporal characteristics, were collected for 6 s (three propulsion cycles) during the last 30 s of wheeling without a load, after 2.5 min of wheeling with a load (fresh), and just before cessation of the exercise (fatigued).
Data Analysis
We averaged kinetic, kinematic, and temporal data over three cycles (contact to contact) for two conditions (fresh and fatigued). Temporal variables included contact time (second and % cycle) and stroke frequency (cycles per second). Propulsion kinetics were characterized by peak handrim forces and moments during wheel contact and peak joint forces, moments, and powers. Joint position at the moment of wheel contact, maximal joint position and range of motion during wheel contact, and joint position at the moment of wheel release characterized upper-limb and trunk kinematics. We determined differences between peak shoulder, elbow, and wrist power occurring during wheel contact (positive work phase) to identify power shifts with fatigue.
Joint kinetics and kinematics, handrim kinetics, and propulsion temporal characteristics were compared between groups (WCU, NU) and during the fresh and fatigued states. Data were assessed for significant intragroup (first effect) and intergroup (second effect) differences with the use of two-way analyses of variance (ANOVA). The first independent variable was state, and the respective first effect variable levels were fresh versus fatigued states. A repeated measures procedure was used in this first effect. The second independent variable was group, and the respective second effect levels were WCUs and NUs. State-by-group interactions were also assessed by the statistical model. By using two-way ANOVAs for all comparisons, we maintained the experimentwise alpha level for type-I hypothetical error at the calculated probability of occurrence for each F-ratio. Therefore, a significance level of p < 0.05 was maintained for all comparisons. Scores were reported as means and standard deviations (SDs).
RESULTS
As a result of fatigue, stroke frequency (p = 0.02) and contact time as a percent of the propulsion cycle (p = 0.02) increased for all subjects ( Table 2 ). There were no handrim kinetic changes with fatigue ( Table 3) . As shown in Tables 4 and 5, wrist radial (anterior) shear force (p = 0.03) and elbow extension moment (p = 0.04) decreased in both groups with fatigue. There were no changes in shoulder forces or moments because of fatigue ( Table 6 ). Maximal trunk flexion angle during contact also increased by 5° ± 17° with fatigue in both groups (p = 0.02). No significant interactions of group and state were observed for the kinetic or kinematic data.
Significant group (NUs versus WCUs) main effects were found in the following temporal parameters. Stroke frequency was significantly higher (p = 0.005) and contact time significantly shorter (p = 0.009) for the WCUs ( Table 2) . Some significant kinematic differences were also found between the groups during wheel contact regardless of fatigue state. WCUs had greater maximum elbow flexion (WCUs 102° ± 7°, NUs 111° ± 10°, p = 0.005) than the NUs. NUs had greater maximum trunk flexion/extension range of motion (WCUs 10° ± 5°, NUs 33° ± 21°, p = 0.001), maximum shoulder adduction (WCUs 24° ± 11°, NUs 17° ± 5°, p = 0.025), and shoulder flexion/extension range of motion (WCUs 63° ± 16°, NUs 75° ± 11°, p = 0.024) than the WCUs.
Several kinetic differences between groups were also significant. Handrim downward (p = 0.03) and lateral (p = 0.04) forces were lower for the WCUs ( Table 3) . Elbow peak posterior shear force (p = 0.00l3) and lateral shear force (p = 0.005) were less in the WCUs ( Table 5 ). As shown in Table 6 , shoulder peak compression force (p = 0.02), lateral shear force (p = 0.004), and adduction moment (p = 0.05) were less in the WCUs. Net joint power outputs were not statistically different between the groups. The main effect of fatigue (for both groups) is shown in the change in power distribution (Figure 2(a) and (b) ). Tables 4 to 6 show the absolute power data for the joints. For both groups, shoulder flexion power decreased significantly (p = 0.01) with fatigue from 61 percent of the total power exerted in the upper limb to 50 percent after fatigue. The elbow extension and wrist ulnar deviation percent of total upper-limb power increased by 4 and 7 percent, respectively with fatigue. The power shifts were significant from the fresh to fatigued states between the shoulder and elbow (fresh 86 W ± 78 W, fatigued 51 W ± 69 W, p = 0.005) and between the shoulder and wrist (fresh 68 W ± 91 W, fatigued 33 W ± 88 W, p = 0.04). 
DISCUSSION
As the population of WCUs increases, it is important for society as a whole to address the challenges this group faces in maintaining their functional independence. If optimal health can be maintained for these individuals, then the spiraling health costs and detrimental individual effects on WCUs associated with secondary conditions can be contained. Scientists studying the biomechanics of wheelchair propulsion are faced with the dilemma of linking their results to understanding how to prevent and treat overuse injuries that may result from long-term wheelchair propulsion. The use of the fatigue condition is an attempt to provide a perturbation that mimics conditions present with overuse.
This study provided data to evaluate how the transfer of power across upper-limb segments changes during fatigue-inducing wheelchair propulsion. We hypothesized that experienced WCUs compensate for fatigue differently than NUs. We found group differences in both states for the temporal and handrim kinetic parameters of-1. Stroke frequency; higher for WCUs.
2. Contact time; shorter for WCUs. 3. Handrim downward and lateral forces; lower for WCUs. 4. Shoulder peak compression force, lateral shear force, and adduction moment; less in WCUs. 5. Elbow peak posterior and lateral shear forces; less in the WCUs. These pattern differences demonstrated the more rapid, shorter strokes and the diminished propulsive handrim forces of the WCUs compared to the NUs. However, these differences were present regardless of whether the subjects were fresh or fatigued.
The first hypothesis was found to be true regardless of fatigue state for the kinematic measures:
1. Maximum elbow flexion; WCUs had more. 2. Maximum trunk flexion/extension range of motion; NUs had more.
3. Maximum shoulder adduction; NUs had more. 4. Shoulder flexion/extension range of motion; NUs had more. These differences demonstrated that the inexperienced able-bodied subjects used their trunk and upper limbs through greater ranges. Intergroup differences in control of the trunk musculature may have been an important contributor to their differing kinematic patterns.
We also hypothesized that fatigue causes the distribution of upper-limb power to be altered. We found this hypothesis to be true for both experienced and inexperienced WCUs. The results of this analysis suggested that as WCUs and NUs became fatigued, the proportion of the total power generated at the wrist increased with respect to the power generated at the shoulder. The increase in this relationship did not account for the total decrease at the shoulder. Reasons for the unexplained power difference may be related to increased movement at the trunk in the fatigued state. Even though the proportion of total power shift that was attributed to the change in the relationship between the shoulder and the wrist was small, the finding may still be of biological consequence because the wrist joint is a small, relatively unstable joint and the muscles that surround it are of a small mass. The NUs' mean trunk excursion was over three times that of the WCUs'. Although trunk kinetic data were not available (a limitation of the model used), one could speculate that by using more trunk motion, NUs generated power from the trunk, which contributed to the total power output that was not available to WCUs because of their disabilities (reflected in Table 1 ). Since most WCUs may not be able to use trunk muscles to help generate propulsion power needed as fatigue occurs, they may have an increased susceptibility to injury at the wrist as the shoulder muscles fatigue.
Joint power generated during gait and cycling has been assessed, but no investigators have looked specifically at joint power transfer during wheelchair propulsion [29, 30] . Van Ingen et al found that during cycling, the total power generated (calculated as the product of pedal moment and pedal crank angular velocity) was similar to the sum of joint power calculated from the hip, knee, and ankle [30] . An analogous comparison of the wheelchair wheel to the cycle crank, using the product of the peak wheel rotation moment and wheel angular velocity, showed that the sum of the joint powers was as much as double the power generated at the wheel. Unlike the results of Van Ingen for the bicycle crank, our results suggest that significant intersegmental power was dissipated or inefficiently transferred to the wheel. A number of issues are relevant to the interpretation of data from this study. The experimental setup incorporated a prototypical stationary wheelchair ergometer. Although width and seat height were adjusted to the subject's own wheelchair, no camber was present. Although absence of camber may have limited the similarity to the user's own wheelchair, this setup ensured consistency and experimental control for data collection. The model used for this study included a number of assumptions and limitations. One of the assumptions was the location of the point of application of force to the handrim at the fifth metacarpophalangeal joint. As Sabick and associates have shown, this assumption resulted in no more error than other methods that have been used [28] . Another limitation of the model was the lack of trunk kinetic calculations. Although the sample size was comparable to other work in the field, it is possible that some propulsion styles and anthropometrics may not be reflected in this sample.
CONCLUSION
In summary, our results demonstrated joint power shifts from the shoulder joint to the elbow and wrist joints with fatigue in both WCUs and NUs. We found that for some kinematic measures, experienced WCUs compensated for fatigue differently than NUs. Although power shifting may be a necessary strategy to maintain a constant work output with fatigue, it may increase the risk of injury to upper-limb joints. The mechanism underlying the direct association between joint power shifting and risk of injury remains unknown and warrants further investigation.
